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ABSTRACT
Access to basic healthcare is a major persisting problem around the globe, especially in
rural parts of the world. One of the many facets of this problem is access to vaccine
treatment. The transportation and storage of vaccines at the proper temperature is an issue
that is still being solved and improved upon today. One of the common solutions to this
problem is the use of passive coolers such as ice packs and other refrigerants. The potential
issue with passive cooling is that the temperature cannot be actively controlled. This is
evident, as many vaccines are wasted due to incorrect storage temperature. Additionally,
these products are generally bulky in size. In order to solve both the issue of transportation
and storage, we designed an active cooling system using thermoelectric modules that keep
vaccines and blood samples at the proper storage temperature range of 2-8 °C. This device
was designed to be transported by an unmanned aerial vehicle (UAV), and is equipped with
a temperature control system as well as a battery pack. This delivery system was
conceptualized and fabricated by the SkyPort social enterprise project, a group of
mechanical engineers split into teams to focus on different aspects of the system. As the
team responsible for the payload, we developed a device that stores up to 6 vaccine vials
and 3 blood sample vacutainers at a temperature of 5 °C. The payload operates with a
feedforward loop, controlled by the temperature of the chamber and environment. Our
design operates in ambient temperatures of 40 °C for over 10 hours. The SkyPort UAV is
a viable and innovative alternative to vaccine delivery because it does not rely on ground
transportation infrastructure. In addition, the temperature control system maintains the
vaccines and blood samples at the required temperature range, ensuring that they remain
safe during transport. This is still a proof-of-concept design and can be improved upon
further to produce a refined product. The device can be improved in terms of efficiency
and manufacturability in addition to user interface.
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Chapter 1 – Introduction
1.1

Problem Statement and Motivation
Despite the growing advances in medical and transportation technologies, global

healthcare faces many shortcomings. Each year, over 7.5 million children under the age
of 5 die from malnutrition and mostly preventable diseases. The World Health
Organization (WHO) reported that 6.7 million people died of infectious diseases in
2008 [1]. Although progress is being made towards identifying disease cases, the rate of
accessible treatment still remains low according to the 6th Millennium Development
Goal [2].
One of the targets of the 6th Millennium Development Goal is to achieve
universal access to treatment for major diseases. In underdeveloped countries, ground
transportation to isolated communities is extremely difficult due to poor infrastructure. In
general, this issue causes delays and poor supply information. Poor supply information
yields inventory overcompensation, which leads to wasted materials. From a medical
perspective, supply information is essential due to the cost of vaccines and the priceless
value of the human life.
In addition to poor transportation methods, vaccine waste due to incorrect storage
temperature is a significant problem. In 2007, 151 million vaccine doses were wasted in
developing countries due to improper refrigeration [3]. The WHO states that vaccines and
blood samples must be maintained at a temperature range of 2-8 °C, although some
less-common vaccines require different storage temperatures.

1.2

Project Objectives
SkyPort is a social enterprise project founded by Micah Klaeser. The SkyPort

project offers a solution, utilizing aerial transportation to deliver medical supplies. The

Shah, Anup. “Health Issues.” Global Issues: Social, Political, Economic and Environmental Issues That
Affect Us All. N.p., 27 Sept. 2014. Web. 18 Nov. 2014.
http://www.globalissues.org/issue/587/health-issues.
2
“MDG 6: Combat HIV/AIDS, Malaria and Other Diseases.” WHO. N.p., n.d. Web. 15 Nov. 2014.
http://www.who.int/topics/millennium_development_goals/diseases/en/.
3
Hayford, Kyla, Lois Privor-Dumm, and Orin Levine. “Improving Access to Essential Medicines Through
Public-Private Partnerships.” International Vaccine Access Center (2011): n. pag. Web.
http://www.jhsph.edu/research/centers-and-institutes/ivac/resources/IVAC-Improving-Access-toEssential-Medicines.pdf.
1
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SkyPort unmanned aerial vehicle (UAV) is a hybrid plane-quadcopter that combines both
gliding flight with vertical takeoff and landing (VTOL). This configuration allows for a
solution that is completely independent of road infrastructure. The SkyPort UAV is a fast
and reliable alternative to ground transportation, and it encompasses the idea of
just-in-time delivery, in which goods are received and delivered only when needed. This
increases efficiency and decreases waste.
SkyPort is divided into three teams consisting of mechanical engineers: Airframe,
Controls, and Payload. The Airframe and Controls teams are responsible for the design
and fabrication of the SkyPort UAV, and the Payload team is responsible for the design
and fabrication of the medical cooler. As the Payload team, we have developed a medical
cooler to transport both vaccines and blood samples from medical facilities to
undeveloped areas in sub-Saharan Africa. The addition of blood sample transport doubles
the functionality of the SkyPort UAV, allowing it to facilitate medical research in
addition to treating patients.
The most crucial aspect our team was responsible for involved maintaining the
correct internal temperature of the medical cooler. Our goal was to create a well-insulated
cooler that keeps vaccines and blood samples safe for an estimated maximum time of
10 hours. In order to ensure this safety measure, we created a temperature control system
utilizing an Arduino microprocessor and temperature sensors. An insulated shell and
active cooling with a thermoelectric module (TEM) maintains the internal temperature of
the payload within the acceptable temperature range of 2-8 °C. Along with this
requirement, we optimized the payload to have a low weight and volume since it is
delivered with an UAV. Our final product is effectively balanced in terms of cooling
efficiency, low weight, and small size.
In addition to producing a successful product, our team has developed positive
relationships with the other SkyPort teams by communicating effectively to be successful
as a whole. The teams depended heavily on each other in order to be consistent and
successful. By the end of fall quarter, our team produced a mock-up of the highest rated
design concept and organized a list of parts to be implemented in each subsystem. In the
winter quarter, our team fabricated a prototype to run off of DC power. This allowed for
the testing and optimization of the Heat Removal Subsystem components, whose
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properties influence the design of the Power Supply and Temperature Control
subsystems. We communicated with the other SkyPort teams to validate and confirm our
design decisions. By the end of winter quarter, we designed and implemented the
remaining systems to produce a fully functional payload so that the remaining time could
be spent improving the device’s thermal efficiency and user interface.
Adding to the research and technology of a vaccine cooler not only contributes to
SkyPort’s goals, it encourages others to take advantage of aerial vaccine transportation on
a global scale. We are also raising awareness of this issue so that others may expand and
improve this technology, allowing for greater travel distances and storage capacity.

1.3

Literature Reviews
Our design approach has changed in many ways since the start of our research. At

first, we were guided by our advisor to use TEMs as part of our cooling system. We
found that TEMs consist of two ceramic plates with semiconductor material in between.
When a voltage is applied to the TEM, heat is transferred from one plate to another. One
of the problems with the TEM is controlling the amount of current supplied to achieve
the desired temperature, especially for vaccines. Another potential problem with TEMs
occur when they are switched off. The heat stored at the hot end of the TEM goes back
into the cooling system through the thermal bridge, resulting in heating. In the article
“Computational Study on Temperature Control Systems for Thermoelectric
Refrigerators,” we read about an approach where the TEM is not switched off, but is
supplied with a minimum voltage in order to improve its coefficient of performance
significantly. Another way to improve the performance of the TEM is by adding a heat
sink and fan to the cool side or hot side [4]. This has the potential to improve the
efficiency of the device because it improves the heat dissipation from the hot side.
After consulting Dr. Hight, one of our team advisors, we came up with additional
ideas for keeping the vaccines cool. One idea utilizes a phase changing liquid and good
insulation, a method known as passive cooling. Using an insulation material such as

4

Astrain, D., A. Martínez, J. Gorraiz, A. Rodríguez, and G. Pérez. “Computational Study on Temperature
Control Systems for Thermoelectric Refrigerators.” Journal of Electronic Materials 41.6 (2012):
1081-090. Web. 17 Nov. 2014.

3

Styrofoam, the temperature of the vaccines can be maintained at the correct temperature
while conserving weight. This idea would be of good benefit to our project since it does
not require a source of power for the cooling system, unlike TEMs. As a result, there
could be a reduction in weight and overall complexity of the system. Overall, it could
allow for an increased number of vaccines compared to using TEMs. However, this was
not a viable option because the safety of vaccines and blood samples could not be
regulated.
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Chapter 2 – System Level Design
2.1

Customer Needs
Our project has one main potential user, but we believe that it can be adapted to

fit the needs of additional customers and services. The main customers for this project are
rural villages in Zambia, where SkyPort founder Micah Klaeser spent the summer
conducting research. The transportation of goods via UAV is fairly new technology, but
the applications are becoming more relevant and available. In addition to the main
purpose of our project, the technology and design process could be used to make general
advances in this service. Companies such as Deutsche Post DHL and Amazon have
begun to develop and test UAVs for their delivery systems [5].
In order to optimize the final product, we needed to know as much as we could
about the customer we are serving. The product specifications had to be justified by hard
facts and optimized based on the customer need importance. Customer needs were
refined by utilizing a process outlined in Chapter 5 of Product Design and
Development [6]. The process of identifying the customer needs include five steps: gather
raw data from customers, interpret the raw data in terms of customer needs, organize the
needs into a hierarchy, establish the relative importance of the needs, and reflect on the
results and the processes. Since our primary customer is based in Africa, it was extremely
difficult to establish their needs. However, we used some ballpark information as a
starting point.
Based on Klaeser’s experience in Zambia, there are a few assumptions that we
used to determine parameters for the payload design. Because they are mostly
assumptions, they are analyzed with a factor of safety in consideration. These
specification assumptions are based on a combination of Klaeser’s information, vaccine
requirements from the World Health Organization, and design parameters from the other
SkyPort teams. In order to make use of these assumed customer needs, they were
organized into a hierarchal table based on their priority. As shown in the table in
“DHL Parcelcopter Launches Initial Operations for Research Purposes.” DHL. N.p., 24 Sept. 2014. Web.
17 Nov. 2014.
http://www.dhl.com/en/press/releases/releases_2014/group/dhl_parcelcopter_launches_initial_ope
rations_for_research_purposes.html.
6
Ulrich, Karl T., and Steven D. Eppinger. Product Design and Development. New York: McGraw-Hill,
2012. Print.
5
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Appendix A.1, the most important customer needs are as follows: the payload maintains
allowable temperature for vaccines, the payload weighs less than 3 kg, the payload has a
height and width under 90x90 mm, and the payload is insulated to maintain cooling for
up to 10 hours. The customer needs that fall below the list stated above are as follows: the
payload is fully enclosed within UAV fuselage during flight, the payload stores at least
12 vaccines, and the payload releases on command upon arrival. Since these customer
needs were based on the other teams’ specifications, some were changed during the
course of this project. Due to unforeseen design constraints, our team altered the
deliverables to an appropriate extent.

2.2

System Sketch
In order to ensure our product serves its purpose, we have looked at who our

potential users might be. A potential user will be a person who is licensed to administer
vaccines. This might be a doctor, nurse, or pharmacist. One of our tasks is to make sure
our product is relatively easy for a healthcare worker to use. Therefore, we designed a
mechanism that does not require human interaction to detach from the UAV.
Additionally, the payload itself is designed to account for user-friendliness. This involves
an opening mechanism for direct access to the vaccines that is easily identifiable.
Before the payload is attached to the UAV, the person administering the vaccines
will need to load the vials, syringes, and vacutainers. Our payload needs to be activated at
least forty minutes before the vials/syringes are loaded, since this is the time required to
achieve the storage temperature. Once the vials/syringes are loaded, the payload is
attached to the UAV by using electromagnets that are mounted on to the UAV. Once the
payload reaches its final destination, it is detached by turning off the electromagnets. We
designed the payload to be as efficient as possible by making sure the vials/syringes can
be taken out as quickly as possible with the least amount of heat entering the system. This
takes into consideration the configuration of parts and the steps necessary to remove the
vials from the payload. A design sketch is provided in Appendix A.2.
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2.3

Functional Analysis
The main function of our payload is to keep the inside at temperatures between

2-8 °C for about 10 hours. In order to achieve this, we used active cooling with TEMs
and good insulation. TEMs require a heat dissipation system. We used a heat pipe as a
means of removing the heat from the inside of the payload through the TEM. This system
also requires a heat sink and fan in order to continue the heat dissipation. The inside of
the payload is an aluminum block with slots for vials and vacutainers. Since aluminum
has high thermal conductivity, it is beneficial for inducing uniform cooling on the inside
of the payload. Furthermore, expanded polystyrene (EPS) foam is used as the insulation
material. EPS foam has low thermal conductivity, low density, and is relatively cheap.
There are several constraints that are placed on our payload. Since we are
mounting our payload to a UAV, we needed it to be light and small. The weight
benchmark as set by the Airframe team is a maximum of 3 kg. The cross-section is a
maximum of 90x90 mm, which is deemed reasonable but also flexible. In order to
achieve these constraints, we determined the dimensions and weight of each component
that is needed for our payload, having an overall width of 145.4 mm, a height of
114.8 mm, and a length of 338.3 mm. In order to use active cooling, we needed an energy
source for our TEMs. Since batteries carry a significant amount of weight compared to
the other components, the efficiency of the thermal system is important in order to keep
the weight low.

2.4

Benchmarking Results
Although the concept of a vaccine cooler is not the first of its kind, its application

in our project is unique and innovative. We found that there are similar products in the
market such as the Arktek™, Cool Cube™ 50 (VT-50), and the DHL drone. The
Arktek™, which keeps vaccines cool for more than 30 days, was created by Global
Good, a collaboration between Bill Gates and Intellectual Ventures. Global Good
incorporated “various sensors to track how long the container is open and logged the

7

temperature of the vaccines” every 15 minutes to ensure the safety of the vaccines [7].
This passive cooling product keeps vaccines safe for long periods of time, but it is large
and requires road access to deliver. The product also costs $1100, which can be
expensive for underdeveloped areas.
Another existing product is the VT-50 by VeriCor Medical Systems. They have
developed different sized passive coolers that allow the vaccines to be kept safe for over
60 hours. They also have “insulated walls with cool cubes that are placed inside the
overall cube” to provide cooling for longer periods of time [8].

(a)

(b)

Sources: http://www.intellectualventures.com/assets_blog/Arktek_Blog.png
http://www.vericormed.com/wp-content/uploads/2014/01/Vericor-Cool-Cube1-300x210.png

Figure 1: Arktek™ (a) and VT-50 (b) passive cooling vaccine storage devices.

A 6-in. cube volume has the capacity to hold 50 vaccines and weighs 5.44 kg
(12 pounds). Just like the Arktek™, the VT-50 has a high capacity for vaccines and a
long cooling duration. However, these products are not appropriate for use with a drone
because of their high weight and large size.

“This Bill Gates-Backed Super-Thermos Saves Lives With Cold Vaccines.” Co.Exist. N.p., n.d. Web. 17
Nov. 2014. http://www.fastcoexist.com/1682578/this-bill-gates-backed-super-thermos-saveslives-with-cold-vaccines.
8
“Cool Cube™ 50 (VT-50) - Vaccine Transport Cooler - VeriCor Medical Systems.” VeriCor Medical
Systems. N.p., n.d. Web. 17 Nov. 2014. http://www.vericormed.com/product/vaccine-cooler-coolcube-50-vt-50/.
7
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Both the Arktek™ and VT-50 would be ideal for our project if they met the
weight and size requirement to be used in a drone. Another product that is important to
consider is the DHL drone delivery system, shown below in Figure 2.

Source: https://www.flickr.com/photos/samchurchill/14586999783

Figure 2: DHL parcelcopter drone.

DHL is conducting “trials on a German island where they deliver medicine using their
drone and parcel payload” [9]. They do not have specifications about their device
publicly available other than its weight of 1.2 kg. All of these products address the same
customer: people who need vaccines but do not have access to power. The DHL drone
also needs a way to track the safety of the vaccines. Our project addresses the needs that
the other products cannot.

2.5

System Level Issues
The three main design parameters involved in our project are heat transfer

efficiency, volume, and weight. The heat transfer efficiency is partly dependent on the
volume. As a result of preliminary research and brainstorming, our team developed a set
of designs that incorporate TEMs as the source of cooling. These designs vary in terms of
the aforementioned parameters as well as other design considerations such as
machinability and power consumption. Each of the design options assume 12 vials will
be transported, and they vary in shape and size. Each design also incorporates a heat pipe
and external fan to direct the flow of heat from the payload interior to the TEM mounted
9

Ibid.
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outside. One of the designs utilizes a heat pipe that is located above the vials. This differs
from a design where the heat pipe is located between the vials because it allows the
payload to be slightly thinner. This improves the machinability and lowers the weight and
volume, but also compromises the heat transfer efficiency. Without data from tests or
mockups, our team could not accurately rate these designs. Based on our intuition and
brainstorming, our team developed selection matrices that gave us a better understanding
of what to prioritize in our design considerations. These matrices are provided in
Appendix A.4. After consulting with our advisors, a design concept was settled upon. This
design utilizes a heat pipe that is located between two rows of slots. The top row is
designed for vaccine vials and the bottom row for vacutainers.

2.6

System Level Design Layout
The main subsystems that our design project is comprised of are as follows: Heat

Removal, Outer Insulation, Temperature Control, and Power Supply. These subsystems
serve as a breakdown of components with similar functions in close proximity to each
other. Components in the Heat Removal Subsystem include a TEM, planar heat pipe, heat
sink, fan, and the aluminum inner chamber. The Outer Insulation Subsystem consists
primarily of EPS foam and birch plywood panels. The Temperature Control Subsystem
consists of an Arduino microcontroller, buck converters, relays, and temperature sensors
in a 3D printed enclosure. The Power Supply Subsystem consists of several lithium-ion
battery cells, also housed in a 3D printed enclosure.
Since there is a high percentage of wasted vaccines due to incorrect storage
temperatures with passive cooling systems [10], our team decided to use active cooling.
By using active cooling we can precisely control the temperature of the inner chamber.
There are several active cooling systems that can be used to keep the vaccines cool at
their acceptable temperature. Two of these devices are the TEM and the
compressor-based system. For our active cooling device we decided to use a TEM that
pumps heat out from the inner chamber to the environment. Since TEMs are traditionally
known to be inefficient, we needed a good heat dissipation system and a highly resistive
insulator. The TEM was chosen over the compressor based system refrigerator for several
10

Ibid.
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reasons. Since space and weight is a critical constraint, a TEM is a solution because it is
relatively smaller and lighter than a comparable mechanical system. Unlike a mechanical
refrigeration system, the TEM works without any moving parts so they are virtually
maintenance free. Also, compressor based systems cannot be fabricated without using
chlorofluorocarbons or other chemicals that may be harmful to the environment, unlike
the TEM that does not use or generate gases of any kind. As mechanical systems decrease
in size, their efficiency lowers. Implementing a compressor based system refrigerator into
our design would not be practical.
The vaccines are placed inside an aluminum enclosure to keep the vaccines in
place. Due to the high thermal conductivity of aluminum, heat is removed from the
vaccines to the TEM at a faster rate. In order to ensure good contact between the
aluminum and the heat pipe, thermal interface material is used. This material improves
the thermal conductivity between the aluminum as long as the pieces of aluminum are
securely fastened. The EPS foam is the main insulator because it is lightweight, impact
resistant, and has low thermal conductivity. A heat pipe connects the inner chamber with
the TEM. The insulation and heat dissipation components require additional space to be
effective, so we utilized a planar heat pipe to prevent the components from interfering.
The TEM pulls heat from the inner chamber through the heat pipe, and this heat is then
dissipated into the environment with the fan and heat sink. The basic operating principle
of the payload design is shown below in Figure 3.

Figure 3: Basic schematic detailing the flow of heat from left to right.
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2.7

Team and Project Management
When we embarked on this senior design project, it was difficult to organize our

schedules and abilities in order to be effective. It was difficult to find meeting times for
our group to work together due to our varied schedules. This forced us to be more
productive during the few times we were able to meet. Our design requires heat transfer
analysis, and the utilization of a temperature control system. Both of these concepts are
very technical and were challenging to accomplish. Initially, calculations were incorrect
several times, but with the aid of our advisor and graduate students we were able to
complete simple heat transfer analysis to simulate our design. Our lack of knowledge
delayed our goals because we could not make any decisions without having some
calculated results. Once we were able to work together to achieve some results, we were
able to look into the components of the payload.
In order to successfully complete our project, we acquired funding from the Santa
Clara University’s School of Engineering as well as the Roelandts Grant. The funds from
these beneficiaries amounts to $3100, which was enough to account for the parts,
materials, and services required for our project. The initial estimated budget for supplies
amounted to $1600 and accounted for multiple prototypes. To account for possible
setbacks, we secured almost twice this amount in the form of the grants mentioned above.
The total amount spent towards the project was $3042. See Section 8 and Appendix B.1
for a detailed budget.
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Chapter 3 – Heat Removal Subsystem
3.1

Thermoelectric Module
Due to the potential dangers of passive cooling systems as discussed in Section 2,

the SkyPort medical cooler utilizes a thermoelectric module (TEM). This active cooling
device operates on the principle known as the Peltier effect, in which a temperature
gradient is created between each side, induced by an applied electrical current. A
characteristic of TEMs is that the temperature is proportional to current. As shown in
Figure 4, TEMs consist of two ceramic plates with alternating semiconductor material in
between. The plates serve as thermally conductive junctions, known commonly as the
“hot side” and “cold side”. The flow of electrons through the TEM also permits the flow
of heat, in a process known as joule heating. Joule heating is generated when there is
electrical current flow through the semiconductor material. At the microscopic scale, the
heat generated results from the rise in vibrational energy of ions that causes the rise in
temperature of the semiconductor [11]. This creates a temperature difference in which
heat is absorbed through the “cold side” and rejected out of the “hot side”. The following
diagram shows the basic operating principle.

Figure 4: Operating principle of a thermoelectric module.

Compared to other active cooling systems, such as vapor-compression systems
normally found in refrigerators, TEMs are not especially efficient in terms of the
coefficient of performance (COP). This represents the ratio of heat removed to the
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required work. For a typical consumer refrigerator, the COP can be expressed in terms of
TH, the surrounding temperature, and TC, the internal temperature.

𝐶𝑂𝑃 ≤ 𝑇

𝑇𝐶

(eq. 1) [12]

𝐻 −𝑇𝐶

The COP of a refrigerator may be 4-10, whereas the COP of a TEM is an order of
magnitude less [13]. This is due mainly to the negative effects of joule heating. The
equation shown below models the heat absorbed into the TEM, expressed as QC.
1

𝑄𝐶 = 𝑆𝐼𝑇𝐶 − 𝐾(𝑇𝐻 − 𝑇𝐶 ) − 2 𝐼 2 𝑅

(eq. 2) [14]

The first term in this equation represents the Peltier effect. The second term represents
the resistivity of the TEM due to conduction (an inherent property), and the third term
represents joule heating [15]. Increasing the amount of current eventually causes the third
term to dominate, reducing the cooling and lowering the COP. With regard to the
application in the payload, supplying too much current will reduce the temperature
difference the TEM can achieve. Testing for the optimal current required to achieve the
greatest temperature difference is explained in Section 7.2.2.
Another example of active cooling is a vapor-compression refrigeration system.
Although generally more efficient than a TEM, these refrigeration systems are bulky
mechanical systems that may require costly maintenance. The combined weight of
refrigeration system components is much greater compared to the typical 0.04 kg mass of
a TEM. TEMs also have a very small form factor and they can be easily replaced. To
improve TEM performance, two enhancements were added to the design: insulation
(Outer Insulation Subsystem) and heat dissipation. The heat dissipation components
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consist of a heat sink and fan, providing forced convection to improve TEM heat
rejection.

3.2

Heat Dissipation
The heat sink and fan work in tandem to improve the performance of the TEM.

The heat sink conducts the rejected heat from the TEM hot side through the fins. These
fins increase surface area while maintaining the cross-section, increasing the
effectiveness of the fan’s forced convection. The fan intake and two exhaust channels are
exposed on the bottom of the payload so that ambient air from outside the UAV can
travel through the system. A cross-section of this ventilation illustrating the airflow is
shown below in Figure 5.

Figure 5: Cross-section of the ventilation showing the direction of airflow.

In order to improve the heat dissipation effectiveness, the heat sink and fan were selected
using data from a set of experiments. These experiments are outlined in Section 7.2.1.
Both of these components are commercially available.

3.3

Inner Chamber
The inner chamber of the payload is made up of two 6061 aluminum blocks

machined using a vertical mill. These blocks have three holes each, sized to fit vaccine
vials in one and blood sample vacutainers in the other. They are designed so that, when
stacked together, heat is removed from the middle of the assembly. The aluminum is
shown below in Figure 6.
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Figure 6: Inner Chamber aluminum blocks stacked together.

Aluminum has a high thermal conductivity, allowing for a uniform temperature gradient
throughout the material and an effective removal of heat. Using aluminum as the medium
for conductive heat transfer allows the Heat Removal Subsystem components to work
together effectively. For ease of manufacturing, the blocks are machined as two separate
pieces. Once joined together, there is high potential for air pockets between the machined
faces. To improve the thermal conductivity between the two blocks, thermal interface
material is used. This subsystem utilizes Laird Tflex™ 720. This putty-like material is in
the form of a thin sheet, and possesses a thermal conductivity of 5 W/m∙K, which is
greater than air [16,17].

3.4

Planar Heat Pipe
The performance of the TEM depends on the effectiveness of insulation and heat

dissipation components, both of which take up physical space. In order to maintain a
small payload cross-section while accommodating these components, the design utilizes a
planar heat pipe. This component relocates the transfer of heat from the inner chamber to
the TEM such that neither the insulation nor heat dissipation is compromised.
Additionally, the heat pipe allows for greater distance between the inner chamber and the
TEM, decreasing the potential for heat to cycle back into the subsystem.

“Tflex™ 700 Series.” Laird Technologies, July 2014. Web.
http://www.lairdtech.com/brandworld/library/THR-DS-TFlex-700_07_2_14.pdf.
17
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16

16

Heat pipes are heat transfer devices commonly used in laptops and televisions that
operate on two principles: thermal conduction and phase transition. The working fluid
inside the heat pipe condenses as it travels from the inner chamber end to the TEM end
and evaporates as it travels back to the inner chamber end. Heat pipes are effective heat
transfer components due to the high thermal conductivity that boiling and condensing
points possess. The heat pipe used in the payload design has an effective thermal
conductivity of approximately 3000 W/m∙K [18]. The functionality of the planar heat
pipe is shown below in Figure 7b, where heat is transferred from the red end to the blue
end.

(a)

(b)

Figure 7: Aluminum planar heat pipe (a) and heat transfer schematic (b).

The heat pipe is located through the middle of the inner chamber to ensure uniform heat
dissipation through either side of the subsystem. This aspect of the design also validates
the use of a heat pipe since the TEM can be placed only on an external face. Placing the
TEM directly on the inner chamber material does not guarantee this same level of
uniformity that a heat pipe through the middle provides. The temperature gradient from
one side of the aluminum to the other will be greater without the use of a heat pipe, which
could affect vaccine safety. Using a heat pipe cuts the effective material thickness in half,
as shown in Figure 8.

18
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(a)

(b)

Figure 8: Inner Chamber temperature gradient comparison without heat pipe (a) vs. with heat pipe (b).
Temperature gradient ranges from blue (cold) to red (hot).
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Chapter 4 – Outer Insulation Subsystem
4.1

Expanded Polystyrene Foam
The Outer Insulation Subsystem protects the inner chamber from the ambient

temperatures that can exceed 40 °C. This subsystem is constructed using expanded
polystyrene (EPS) foam because it has a high thermal resistivity in addition to being
lightweight and inexpensive. The EPS foam, shown in Figure 9 below, is cut into panels
manually using a hot wire foam cutter.

Figure 9: EPS foam panel.

The panels are bonded with Loctite PL Premium Polyurethane Construction Adhesive.
The dimensions for the EPS foam were determined based off of 3D shape factor
calculations. Using the known properties of the EPS foam and the desired temperature
difference through the walls, we determined that a wall thickness of 25.4 mm (1 in.)
would require just under 2 W of cooling. These calculations are provided in
Appendix A.5. Based on prior student research, the electric power required by a TEM is
close to ten times the cooling power, and this value is acceptable for our design.
Additionally, a 1 in. thickness is very easy to manufacture. This thickness is used for all
insulation faces except for the front and curved bottom. The front thickness is 50.8 mm
(2 in.) due to the excess length of the planar heat pipe. The bottom of the insulation
follows the curved profile of the fuselage, in addition to the initial wall thickness.
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4.2

Birch Plywood
In addition to EPS foam insulation, the Outer Insulation Subsystem consists of a

birch plywood shell. The plywood panels were laser cut and fastened with contact
cement, as shown below in Figure 10.

Figure 10: Birch Plywood sample.

The main purpose is to provide structural rigidity for the otherwise soft EPS foam. This
feature enables the use of latches to securely fasten the lid to the body of the payload,
ensuring minimal heat loss. Additionally, the plywood shell accommodates the
Temperature Control and Power Supply Subsystem components. Future design iterations
will utilize a different material for this outer shell that can be manufactured into fewer
separate pieces, reducing assembly costs.
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Chapter 5 – Temperature Control Subsystem
5.1

Feedforward Control Loop
The Temperature Control Subsystem regulates the power delivered to the TEM,

ensuring that the inner chamber is maintained within the correct temperature range. This
is achieved using a feedforward control loop. Most control systems are based on a
feedback control loop or model predictive control. Both of these control loops can be
complex due to the nature of the dynamic systems they are often implemented in. One of
the most common control loops is the proportional-integral-derivative (PID) controller.
This controller relies on current, past, and anticipated error to adjust the system [19]. The
payload does not use a PID controller to regulate the power because this process requires
too much time to correct the temperature. This is discussed further in Section 7.2.2.
Instead, a very basic feedforward loop uses the temperatures of the environment and
inner chamber to switch between two operation modes.
Based on TEM tests discussed in Section 7.2.2, it is evident that the TEM does not
require the optimal current value since the ambient temperature is not always 40 °C. The
feedforward loop switches between two modes, Full Power Mode and Power Saving
Mode, depending on the ambient temperature. Full Power Mode is based on the optimal
current value for a 32 °C temperature difference, and Power Saving Mode is based on the
power required to maintain a 20 °C temperature difference (28 °C ambient temperature
and internal temperature of 8 °C). When the ambient temperature is detected to be greater
than 28 °C, Full Power Mode is activated. Otherwise, Power Saving Mode is activated. In
addition to the ambient temperature, the feedforward loop is also influenced by the
temperature of the inner chamber. If the temperature of the inner chamber falls to 4 °C,
the power is turned completely off. When the inner chamber temperature is above 6 °C,
the power is turned on depending on the ambient temperature. These boundaries have
been set based on tests discussed in Section 7.2.4. The feedforward loop results in a slight
temperature oscillation inside the inner chamber that is within the 2-8 °C range due to the
power-saving on-off characteristic. It also saves power by switching between two
different operating powers.
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5.2

Components
The temperature controller utilizes an Arduino microcontroller, two buck

converters, two relays, and two temperature sensors. The adjustable DROK® buck
converters step down the power from the single Power Supply Subsystem source for each
operating mode. One buck converter adjusts the voltage to 12 V for Full Power Mode.
The Arduino Micro is also powered from this output. The other buck converter adjusts
the voltage to 8 V based on TEM test results. Both of these powers are connected to the
TEM with AZ830 relays in between. These are used as on-off switches controlled by the
Arduino based on the TMP 36 temperature sensor readings. One sensor is exposed to the
ambient environment and the other is exposed to the air inside the inner chamber. The
components are soldered and wired together on a perfboard, and housed within a 3D
printed enclosure. XT60 connectors join the relay outputs to the TEM and the buck
converter inputs to the Power Supply Subsystem. A schematic of the components and
their interaction in the control system is shown below in Figure 11.

Figure 11: Feedforward loop component schematic.
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Chapter 6 – Power Supply Subsystem
6.1

Lithium-Ion Batteries
The power supply subsystem consists of NCR18650b lithium-ion battery cells.

Each cell has a capacity of 3.4 Ah and a fully charged voltage of 4.2 V. These cells have
a high energy density and have built in protection from over-discharge and overcharge.
The lithium-ion batteries power the TEM, fan, and Temperature Control Subsystem
components. The cells are arranged in such a way that supplies the output voltage
required by the TEM with a 10-hour discharge capacity. In order to have an output
voltage of 12 V that is needed by the TEM, 3 cells are arranged in series. To increase the
capacity for 10 hours of operation, 5 of these 3-series configurations are arranged in
parallel. The 15 lithium-ion cells are packaged in a 3D printed battery housing, shown
below in Figure 12.

Figure 12: Components for the 3D printed battery housing.

Nickel solder tabs and springs are used to achieve the parallel and series configurations.
Two wires exit the housing and are attached to an XT60 connector compatible with the
Temperature Control Subsystem.
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Chapter 7 – System Integration and Testing
7.1

Thermal FEA Simulation
The purpose of the thermal finite element analysis simulation was to observe how

the subsystems interact in terms of thermal loads and heat transfer. The subsystems
included in the simulation are the Outer Insulation and Heat Removal Subsystems. Our
team decided to use SolidWorks Simulation software since we already modeled the
payload using SolidWorks. By modeling the temperature distribution inside our system,
we observed how heat is removed from the inner chamber. These simulations can be
compared to simplified hand calculations based on the same parameters in Appendix A.5.
The model we analyzed is from February and does not include the Temperature Control
or Power Supply Subsystems because they do not have much effect on the payload in
terms of direct heat transfer. The Outer Insulation and Heat Removal Subsystems are the
most important subsystems to model because they directly facilitate the heat transfer.

7.1.1

Model Parameters

Several assumptions were made in order to simplify and analyze our system with
SolidWorks Simulation. These include the modeling materials, geometries, and external
environment properties. The materials used in this model are consistent with the materials
used in the prototype iteration. Material properties are based on defaults in the
SolidWorks materials library, and some have been added into custom materials. The
Outer Insulation Subsystem is made up of EPS foam with a thermal conductivity of
0.033 W/m∙K. The inner chamber is made up of 6061-T6 aluminum alloy with a thermal
conductivity of 170 W/m∙K. The heat pipe is a custom material with a thermal
conductivity of 3000 W/m∙K. Between the aluminum pieces and heat pipe are strips of
thermal interface material, each with a thermal conductivity of 5 W/m∙K.
In order to conduct the thermal analysis, we simplified our model for the ease of
understanding the concept of heat removal from the inner chamber. Although the foam
panels are bonded together with a polyurethane-based adhesive, they were simplified to a
single, uniform structure in the model. The aluminum blocks did not have holes for the
threaded fasteners that secure them together. To model the heat removal through the heat
pipe, a simplified TEM “block” was added to the model with the same properties as the
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heat pipe. This provided a more accurate thermal plot as the heat removal was
concentrated at the TEM side. The payload is normally housed within the SkyPort UAV
fuselage, but for this model, it was fully exposed to the environment. This was due to the
high complexities of the fuselage geometry as well as the thermal properties. The model
was meshed in SolidWorks using standard mesh dimensions of 4.00 mm triangle size and
0.20 mm tolerance. Schematics of the simplified system and mesh can be found in
Appendix D.1.
To simulate the environment that the payload is exposed to, the external
environment applied to the model was 313.15 K (40 °C) with natural air convection
(10 W/m2∙K). The exposed surfaces of the Outer Insulation Subsystem were subject to
this environment. Based on the hand calculations, the power required to achieve a
temperature difference of 40 °C between the inner chamber and the environment is
approximately 1.935 W. In the model, this heat power was applied to the exposed bottom
face of the TEM. The model with dimensions is shown below.

Figure 13: Assembly of the simplified model with dimensions in millimeters.
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7.1.2

Model Analysis

Based on the temperature distribution analysis, the simulation was very close to
the calculated shape factor results. From our calculated results, it was determined we
would need 1.935 W of heat to be removed to reach a temperature difference of 40 °C. In
our simulation, it was assumed that we had a natural convection for air of 10 W/m2∙K and
approximately 2 W of heat removal. Based on these inputs, we obtained a temperature
difference of approximately 41 °C, which is very similar to our calculated value.
Figure 14 below shows the thermal plot of the payload model.

Figure 14: Thermal plot of payload simulation with temperature ranging from 0 °C (blue) to 40 °C (red).

From our simulation, we also observed where the temperature is the highest and
lowest inside the inner chamber. A cross-section of the simulation is provided below in
Figure 15.
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Figure 15: Thermal plot of payload cross-section with temperature ranging from 0 °C (blue) to 40 °C (red).

The thermal plot shows that the temperature distribution within the aluminum
components is relatively even. Additional thermal plots are provided in Appendix D.
Based on the results, we were able to see how much heat removal was required to
reach the desired temperature difference. Using this software to do a thermal analysis, we
proved that our calculated results are valid. Also, we proved that the thickness of the
insulation provides enough resistance to prevent too much heat loss. However, due to
slight variations in temperature on the outer faces of the Outer Insulation Subsystem,
thicker insulation material may be beneficial in a future prototype iteration. Based on our
thermal plot, we determined that the placement of the vials inside the cooling chamber is
not a priority since there is a uniform temperature distribution within the aluminum
components.
The SolidWorks Simulation software proved to be beneficial towards the
completion of the project. However, we realized that there is much more work to be done
in order to benefit significantly from the simulation. Since our team is inexperienced
using this software, it was difficult to use this software to the best of its ability. Overall,
this analysis helped us visualize how heat was being removed from the payload. The
results validate our initial conduction shape factor calculations and show that the
temperature distribution within the inner chamber is relatively uniform.
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7.2

Experimental Tasks
It is evident that almost every aspect of the payload design can be changed to

improve its performance. Each subsystem contains components that can be optimized,
such as reducing the size of the inner chamber, changing the type of insulation, and
changing the components of the Heat Removal Subsystem. Based on discussions with the
other SkyPort teams, our team decided to keep the physical dimensions of the inner
chamber and Outer Insulation subsystems at a fixed value. This decision allowed our
team to focus on improving the performance of the Heat Removal Subsystem, and gave
the other teams fixed dimensions for payload integration. This decision was also
beneficial since the Power Supply and Temperature Control subsystem designs (i.e., the
number of batteries) rely heavily on the Heat Removal Subsystem performance. The
Power Supply Subsystem possesses a considerable amount of mass, which is a very
sensitive parameter for the SkyPort teams. Maintaining a minimal mass is a critical
parameter in the optimization of these subsystems.
In terms of the Product Design Specification chart (PDS), our team settled on an
outer cross-section of approximately 130 mm wide by 96 mm tall, dictated by the vaccine
capacity and insulation thickness. This design allows for a maximum of 6 vaccines and
3 blood samples to be transported at a time. It also factors in an insulation thickness of
25.4 mm (1 in.) and plywood shell thickness of 3.175 mm (⅛ in.). The current PDS is
included in Appendix A.3. Our team decided to test different heat sink/fan assemblies and
TEMs in order to determine the required power for the payload. The important
parameters acquired from these tests were the most efficient heat sink and fan
combination, as well as the optimal current at which the TEM operates while creating the
largest temperature difference. The next logical step in the experimental process was to
test different battery configurations with the Heat Removal Subsystem to validate their
effectiveness and capacity. Due to the large amount of time estimated to complete these
experiments, our team decided to test the payload performance in the worst-case scenario
environment (~40 °C ambient temperature) only after accumulating data from the
previous tests in which the ambient temperature was the standard room temperature
(~20 °C). Subjecting the payload to the high temperature environment for each test would
have taken a significant amount of extra time for setup. Once feasible parameters for the
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Heat Removal and Power Supply subsystems were established, our team implemented the
Temperature Control Subsystem to evaluate the amount of power saved during operation.
The components of this subsystem were determined by first conceptualizing the control
mechanism. Since there were a few options in terms of hardware, tests were conducted to
justify the most practical components for the subsystem. The Power Supply and
Temperature Control subsystem implementations serve as a proof of concept and also
help determine how much power is saved during operation, with the potential to decrease
the number of batteries required to operate the payload.

7.2.1

Fan and Heat Sink Evaluation

The first set of experiments involved comparing TEM performance with different
heat sink and fan combinations. The goal of this test was to determine the heat sink and
fan combination that yielded the lowest temperature attainable by the TEM and therefore
the greatest heat dissipation. Instead of testing using the payload assembly, the heat sink,
fan, and TEM were isolated, assuming that the comparative results from the combinations
would be enough to determine the most efficient pairing. The setup is shown below in
Figure 16.

Figure 16: Testing apparatus for heat sink and fan selection.
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For these experiments, our team tested the performance of different fans at 12 V
with a constant heat sink and TEM, and then different heat sinks with the best-performing
fan and same TEM. We used LabVIEW and thermocouples wired to a compact data
acquisition platform (cDAQ) to acquire TEM cold side temperature data for these tests.
The fans selected for testing were 50 mm and 60 mm in size from brands such as
CITYNET, Evercool, and Delta. They were powered by a constant 12 V from a DC
power supply. The heat sinks selected for testing were of the same size range and from
brands such as Aavid Thermalloy and ATS. The fan and heat sink models are shown
below in Figure 17 and Figure 18.

Figure 17: Fans selected for performance evaluation. From left to right: CITYNET, Evercool, and Delta
60 mm. (Delta 50 mm not pictured)

Figure 18: Heat sinks selected for performance evaluation. From left to right: Aavid Thermalloy, blue
50 mm, blue 60 mm.

30

The current supplied by the DC power supply to the TEM was increased after the
temperature of the cold side reached steady-state. The test concluded after the TEM
temperature began to increase as a result of increased current, the point at which joule
heating begins to dominate. The most efficient fan was determined by comparing the
minimum cold side temperatures. Using this fan, the different heat sinks were tested with
the same procedure in order to determine which combination yielded the highest heat
dissipation performance. This combination consists of the Evercool fan and Aavid
Thermalloy heat sink. Comparative results are shown below in Table 1.

Table 1: Fan and heat sink effectiveness results.
Black 50 mm Heat Sink
Fan Type Temp. (°C)
CITYNET
-13.42
Evercool
-14.47
Delta
-12.3

Blue 60 mm Heat Sink
Fan Type Temp. (°C)
Delta
-12.41

Evercool Fan
Heat Sink Type Temp. (°C)
Black 50 mm
-14.47
Blue 50 mm
-4.64

These tests reveal that the Evercool fan and Aavid Thermalloy (black 50 mm)
heat sink make up the most effective heat dissipation combination, since the TEM was
able to achieve the lowest temperature of -14.47 °C.
It is possible to achieve greater heat dissipation effects with custom components.
Such components would be designed specifically for the payload system. For example,
graduate students have conducted research on heat sink fill factor characterization. This
research is beneficial because it can allow our team to design a custom heat sink that
performs better than the commercially available one our team is currently using.

7.2.2

Thermoelectric Module Evaluation

Since TEM performance can vary in terms of power consumption and
temperature difference based on the system they are implemented in, our team evaluated
the different TEMs using a consistent payload assembly. While this increased the
duration of the test significantly (in comparison to testing with only the Heat Removal
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Subsystem components), it provided more accurate results as the testing environment was
very similar to the actual payload. The payload assembly consisted of all components
except for the birch plywood shell, Temperature Control Subsystem, and Power Supply
Subsystem. The TEMs selected for evaluation were manufactured by Marlow Industries
and Laird. These models were suggested based on graduate research involving analysis of
the TEM working conditions and physical properties using numerical methods [20].
Some of these TEMs are shown below in Figure 19.

Figure 19: Marlow thermoelectric modules selected for performance evaluation. From left to right:
RC12-8L, TG12-6L, and TG12-6L (M).

Using the same data acquisition setup from the fan and heat sink tests, each TEM
was evaluated to determine the optimal current required to reach the greatest temperature
difference between the inside of the chamber and the ambient environment.
Thermocouples were placed in water-filled vacutainers to observe the cooling behavior of
a fluid within the chamber relative to the cooling of the chamber itself. Thermocouples
were also placed on the chamber surface, vial opening air space, and the TEM cold side.
For each TEM experiment, the same fan and heat sink combination was used, as well as a
consistent 12 V delivered to the fan by the power supply. The setup is shown below in
Figure 20.
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Figure 20: Payload assembly used to evaluate TEM performance.

The LabVIEW VI was programmed to collect temperature data from each
thermocouple and the voltage across the TEM, and the data was plotted over time. To
evaluate the TEMs, the power delivered by the DC power supply was increased in
constant current mode. This mode allowed for a stable output current in order to quantify
the data accurately. With no known data about the TEM performance relative to the
payload, the starting current was set to a relatively low value depending on the current
rating of the TEM. The temperature graphs were used to determine when to increase the
current; a relatively flat temperature slope indicated steady-state behavior. The current
was increased in small increments, again depending on the current rating of the TEM as
well as the temperature behavior. From previous experience in TEM optimal current
testing, our team began each TEM test in the morning of a generally schedule-free day,
knowing that each test could span over 6 hours. The test was concluded once the
temperature began to increase as a result of an increased current, representing the joule
heating threshold and the upper limit at which the heat sink and fan could dissipate heat.
The plot below shows TEM temperature difference plotted against the required power.
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Figure 21: Comparison of TEM performance.

From these tests, it is clear that the Marlow TG12-6L (M) and Laird CP2,31,10 models
are suitable for the payload design since they can both achieve a temperature difference
greater than 32 °C. This means that the inner chamber is capable of maintaining an 8 °C
temperature while the ambient is 40 °C, which satisfies the payload design criteria. The
TG12-6L (M) model requires about 18 W to achieve this temperature difference whereas
the CP2,31,10 model requires about 12 W. Table 2 and Figure 22 below show the
chamber temperature over time using the TG12-6L model.

Table 2: TEM evaluation results for the TG12-6L model.
Current (A)
1.50
1.75
2.00
2.10
2.20
2.30
2.40
2.50

Voltage (V)
4.90
5.65
6.40
6.80
7.10
7.35
7.70
8.00

Power (W)
7.35
9.89
12.80
14.28
15.62
16.90
18.48
20.00

Chamber Temp. (°C)
-0.47
-2.63
-4.10
-4.39
-4.69
-4.89
-5.17
-5.19

34

Time (Minutes)
73
111
150
180
233
260
290
317

Figure 22: Chamber temperature over time using the TG12-6L model.

The table shows voltage, power, chamber temperature, and steady-state time for the
corresponding current level of the power supply. The plot visualizes the TEM cooling
effect over time as the current to the TEM is increased. For this TEM model, it took
almost 40 minutes to reach a steady-state temperature when the current was increased
from 1.5 A to 1.75 A, and an additional 40 minutes from 1.75 A to 2 A. This behavior is
the main reason why a feedforward control loop was utilized instead of a PID controller.

7.2.3

Battery Configuration

To validate the battery configuration and observe the discharge behavior of the
batteries, we kept the same setup from the TEM experiments and replaced the power
supply with a 3-series-6-parallel configuration. Using the same LabVIEW VI, the voltage
and current output by the batteries was monitored as well as the temperature of the
payload. We also tested a 3-series-5-parallel configuration to compare discharge behavior
and temperature differences. Ideally, the configuration with the least amount of batteries
is ideal. Each configuration was tested continuously for 10 hours. Results are shown
below in Figure 23.
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Figure 23: Comparison of battery configuration performance.

From these graphs, it is evident that a 3-series-5-parallel configuration is ideal since it has
the least number of batteries and still facilitates a large temperature difference for the
entire test duration. The power consumption for this configuration is approximately
17.6 W. Combined with the Temperature Control Subsystem, the 3-series-5-parallel
configuration will consume even less power.

7.2.4

Temperature Control Testing

The Temperature Control Subsystem is a feedforward loop that switches between
two power modes, called Full Power Mode and Power Saving Mode. This control loop
utilizes the ambient temperature in order to device which power mode to use. In addition,
the temperature of the chamber signals the system to turn off when the temperature
reaches the lower bound (4 °C) and on for the upper bound (6 °C). Based on the design
criteria, Full Power Mode operates at ambient temperatures above 28 °C while Power
Saving mode operates at temperatures below 28 °C. The purpose of this control loop is to
save power, since the TEM does not require the full power to operate at lower
temperatures. To determine the amount of power consumed by the control system itself,
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each component was tested individually using a DC power supply and precision resistors.
The results are tabulated below in Table 3.

Table 3: Power consumption of each control system component.
Component
Arduino Micro
Buck Converters
Relays
Total

Power (mW)
500
200
200
900

From these tests, the control system consumes 0.9 W. This is a small amount
compared to Full Power Mode. The buck converter from the batteries to the Arduino and
Full Power Mode steps down the voltage from 12.6 V to 12.0 V, and the buck converter
to Power Saving Mode steps down the voltage to 8 V. These voltages were determined
based on the TEM tests in Section 7.2.2.
We implemented the Temperature Control Subsystem with the Power Supply
Subsystem and testing apparatus to observe the control system and quantify the power
reduction. By controlling the temperature environment for the ambient temperature
sensor, both power modes were tested for functionality. For this test, each mode was
initiated twice for a duration of five on-off cycles, as shown below in Figure 24.
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Figure 24: Inner chamber temperature influenced by the Temperature Control Subsystem. Full Power
Mode is shown in orange, Power Saving Mode is shown in blue.

This plot shows the temperature oscillations of the inner chamber as a result of each
operating mode. Full Power Mode was initiated first, with resulting temperature
oscillations between 3-5 °C. Power Saving Mode resulted in oscillations between
4.5-5 °C. The temperature bounds for both modes were set to 4 °C and 6 °C, and the
discrepancy is attributed to the power distribution differences in the system resulting
from each operating mode. The resulting power consumption with the Temperature
Control Subsystem is 12.9 W, a 26.7% reduction from the 17.6 W consumed with full
power and without the Temperature Control Subsystem.
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Chapter 8 – Cost Analysis
The SkyPort Payload Team applied for both the Roelandts Grant and the Santa
Clara University School of Engineering Grant. The Roelandts Grant funded this project
by providing $1600, and the School of Engineering funded this project by providing
$1500, resulting in a total funding of $3100. A total of $3042 was spent on designing,
building, and testing this project. The total amount spent for this project includes
equipment for testing and manufacturing. The test equipment consists of a DC power
supply, laptop, and cables, and the manufacturing equipment consists of a hot wire cutter.
The cost to fabricate one payload prototype was $300. A detailed table is provided
in Appendix B.1. The total cost to build a single prototype is significantly higher than a
production version because each component is based on the retail cost. Our team decided
to manufacture parts of the payload by taking advantage of the equipment provided by
the machine shop instead of having them manufactured by a company. By our team
manufacturing some of the components for our payload, the total cost was reduced. The
components that were manufactured by our team include the aluminum chamber, EPS
foam, birch plywood, 3D printed electronic housing, and 3D printed battery housing. The
aluminum chamber was fabricated using a vertical mill, the EPS foam was cut using a hot
wire cutter, the birch plywood panels were fabricated using a laser cutter, and the
Temperature Control and Power Supply subsystem housings were 3D printed. It can be
seen from the table that the batteries contribute about 50% of the total cost for a single
prototype. If our payload were to be mass produced, this amount would be significantly
reduced by about $200. The components that would contribute to the reduction in the
overall cost would be the aluminum, TEM, plywood, foam, latches, and thermal interface
material.
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Chapter 9 – Engineering Standards and Realistic Constraints
As mentioned in Section 1, there are many factors that must be considered in
order to successfully complete our project. These considerations go beyond the scope of
this Senior Design Project and are applicable in the engineering field. As outlined in the
Santa Clara University Engineering Handbook, a successful engineer is defined by many
key aspects. The understanding and implementation of these aspects encourages lifelong
learning. The underlying purpose of these engineering components is to improve the
human condition while being mindful of the planet. Most of these are relatable to the
humanities, such as sustainability, ethical, health and safety, and social considerations.
Our design project is a product of these engineering characteristics.

9.1

Sustainability Considerations
An engineering project can be sustainable in two ways. First, it refers to the

degree to which the product can continue to be useful. This is often referred to as
“sustainable engineering.” Additionally, in a broader sense, engineering products have
the ability to sustain communities in terms of resources and economy. These are known
as “sustainable communities.” These two sustainability types must be balanced in order
to both improve the human condition and be mindful of global resources. It was
important to consider both of these sustainability issues as a design team in order to
produce a successful, practical product.
Our design was heavily influenced by sustainability considerations. In fact, the
motivation of our project was partially based on humanitarian concerns. To ensure that
basic human needs were universally met, we designed our payload in an attempt to
improve healthcare. In addition, our design considerations were based on the goal of
producing a sustainable product, both in terms of functionality and production. Our
design reduces the amount of vaccines wasted due to incorrect storage and poor
transportation infrastructure. From a production standpoint, we incorporated robust and
effective materials such as EPS foam and aluminum to improve the longevity of the
product itself. In addition to these considerations, there was also a level of constraint our
team maintained. We took into account the possible effects our design can have on the
environment, such as energy and material consumption. Our payload project is itself a
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subsystem of the SkyPort UAV, so the sustainability considerations carry over to the full
system. Some of the design constraints such as size and weight have contributed to the
sustainability of the system, since we minimized the power and material consumption of
our design.

9.2

Manufacturability Considerations
There are often many ways to manufacture a design concept. Parts can be

manufactured using different processes and tools that produce the same result, such as
metal extrusion or milling. Additionally, these tools can be used in different ways or with
a different order of steps, such as changing the cutting tools or cutting steps with a mill.
The manufacturability of parts can be optimized in many ways; some of these factors
include simplifying by standardizing and reducing the number of parts, as well as
designing for ease of fabrication. Many design characteristics influence the
manufacturability such as safety, usability, and efficiency.
Our team considered these manufacturing issues during the scope of our project,
but they were not heavily addressed compared to other considerations because they were
not within our project goals. Rather, we designed a proof of concept model that can be
improved upon in the future in terms of manufacturability. Our primary concerns for this
year consisted of optimizing the efficiency of the payload cooling capabilities while
considering the size and weight. We also brainstormed concepts to improve the
user-friendliness and make sure that the customer needs were satisfied. However, there
are many areas to improve such as the machining processes and general complexity of the
current design. For example, in order to reduce production cost and time, the aluminum
blocks can be extruded instead of milled. This factors into sustainability as well, because
less material is consumed.

9.3

Ethical Considerations
The topic of ethics is very broad but also very important. There are many ways to

approach the ethical implications of a project. The subject of ethics is influenced by a
combination of moral rights, fairness and justice, and the common good. It is important to
recognize and address any ethical issues that surface in a project. The consideration of
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ethics is important to our project in many ways; our project motivation stems from a few
ethical issues and we have worked on the project itself in an ethical manner.
By designing a medical cooler for use with a UAV, we addressed the issue that
healthcare is not adequate in many places in the world. As stated in Section 1, we aimed
to contribute to the development of vaccine transportation devices and logistics in order
to improve healthcare on a global scale. In addition to addressing ethical issues, our team
dynamics were also influenced by ethical ideals. We ensured that each team member
developed a sense of ethical behavior in order to successfully complete our project. This
behavior included making sure data and calculations were correct, and that any
approximations or assumptions were appropriately validated. These moral qualities were
necessary in order to maintain a general goodness and positivity for the team and the
project.

9.4

Health and Safety Considerations
The general health and well-being of humanity is, in some ways, the basis to the

engineering considerations discussed within this thesis. Health and safety influences the
sustainability, ethical, social, and even manufacturability considerations. It is related to
engineering failures, improving the safety of tomorrow, and being able to account for
unanticipated consequences.
As stated previously, our motivation for this project was to improve healthcare by
improving vaccine transportation in undeveloped regions. This goal directly relates to
health and safety considerations. In addition, the health and safety of everyone involved
in the project was important to consider. For example, safe manufacturing and fabrication
practices were implemented. We took care to follow all safety procedures in the machine
shop as well as safety precautions related to other materials and equipment. This included
ventilation when using the soldering iron and hot wire cutter. In addition, our device was
designed to be safe to use, as it contains no moving mechanical parts that could create
pinch points. The many degrees of safety are apparent in our senior design project.
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9.5

Social Considerations
It is important to consider the social implications of our senior design project.

These implications involve the role of developing technologies in society as well as the
role of engineers in addressing social issues. Even though technology has its obvious
benefits, it is important to consider any negative effects that the technology might leave
on society. In addition, it is important to understand the role of the engineer in facilitating
these issues.
These social considerations had an impact on our project. Although it is obvious
that our goal was to improve healthcare, we also considered the future implications that
this project could have. This social consideration was in tandem with the sustainability
consideration. Although our project was designed to improve vaccine delivery, it could
potentially lead to misuse of aerial transportation and then require laws or codes to be
developed to regulate it. It was up to the members of our team to be aware of these
possibilities in order to produce a final product that was safe and practical.

9.6

Arts
As part of satisfying the Santa Clara University Core Arts & Humanities

requirements, members of this team have all contributed original drawings, sketches,
and/or CAD models and drawings to this project. Below are listed a sampling of at least
one such artifact, and a reference to it, for each of the team members.

Table 4: Examples of art with description and location within the thesis, by team member.
Team Member
Madison Gee

Hector Lopez
Victor Magaña

Description
Subsystem component schematics
Thermal FEA models
System level models
Design drawings
Feedforward loop schematic
3D shape factor calculations
Electronic housing drawings
Battery housing drawings

43

Location
Figures 4, 5, 6, 9, 10
Figures 15, 16, 17, Appendix D
Appendix A
Appendix C
Figure 13
Appendix A
Appendix C
Figure 14

Chapter 10 – Conclusions
10.1

Overall Evaluation of Design
The final payload we designed is able to maintain the inner chamber at 5 °C for at

least 10 hours. Because the ambient temperature affects the performance of the heat
removal system, the payload has two operating modes: power mode and power saving
mode. These two modes help save power while still maintaining the desired temperature.
The payload also saves power because the TEM is not constantly operating, a result of
the control system’s on-off characteristic. Because the design of the payload and fuselage
of the UAV depend on the other, determining appropriate dimensions as well as ensuring
a weight of under 3 kg were difficult tasks. However, the payload dimensions were
finalized based on input from both the Airframe and Payload teams, and the resulting
payload weight was determined to be 2 kg. Taking into account the design specifications
set by SkyPort, our design concept is a viable solution that can be integrated into the
SkyPort UAV system.

10.2

Future Improvements
In order to develop a more refined payload, we have examined a few

improvements that can be implemented with additional research. Our current design
features a commercially available TEM. With more research in the field of TEM
optimization, custom design parameters for a more effective TEM can be submitted to a
company such as Laird or Marlow. These parameters would be partly based on the actual
payload design. A custom TEM has the potential to save more power.
The Temperature Control Subsystem was constructed using a perfboard for
prototyping purposes. However, this resulted in a design that was not aesthetically
pleasing or effective, due to the large number of wires that were manually soldered. To
improve these aspects, a printed circuit board can replace the perfboard. This would
reduce the overall size of the subsystem and improve manufacturability and assembly. In
addition, the components such as relays and converters can be customized to reduce their
power draw and regulate temperature more effectively.
Overall, the payload could be improved for a better user interface. Some ideas
that we brainstormed are visual aids such as LEDs and a display showing the internal
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temperature. This would notify the user of any potential error in the delivery, and can
improve the effectiveness of the design in the long run. From a manufacturing
perspective, a design that requires less human assembly would increase production rate
and reduce costs. In terms of maintenance, an improved design that simplifies the
replacement of any components is optimal.

10.3

Lessons Learned
As a result of the Senior Design Project, our team realized that working through

iterations is the best way to facilitate a successful outcome. It was important that the team
progressed through multiple designs in order to test and fix any issues. Creating different
prototypes allowed the team to move one step at a time, and ensured that tasks could be
progressively accomplished. This process ensured that, by the Senior Design Conference
presentation, a working prototype was ready for demonstration. Since SkyPort is
comprised of separate teams focusing on separate designs, it was very important to
maintain thorough communication. This ensured that each team understood the
specifications and constraints and that the SkyPort UAV components could be
successfully integrated. The team learned how important communication is in the
development of a product.

45

REFERENCES
[1] Shah, Anup. “Health Issues.” Global Issues: Social, Political, Economic and
Environmental Issues That Affect Us All. N.p., 27 Sept. 2014. Web. 18 Nov. 2014.
http://www.globalissues.org/issue/587/health-issues.
[2] “MDG 6: Combat HIV/AIDS, Malaria and Other Diseases.” WHO. N.p., n.d. Web. 15
Nov. 2014.
http://www.who.int/topics/millennium_development_goals/diseases/en/.
[3] Hayford, Kyla, Lois Privor-Dumm, and Orin Levine. “Improving Access to Essential
Medicines Through Public-Private Partnerships.” International Vaccine Access
Center (2011): n. pag. Web. http://www.jhsph.edu/research/centers-andinstitutes/ivac/resources/IVAC-Improving-Access-to-Essential-Medicines.pdf.
[4] Astrain, D., A. Martínez, J. Gorraiz, A. Rodríguez, and G. Pérez. “Computational
Study on Temperature Control Systems for Thermoelectric Refrigerators.”
Journal of Electronic Materials 41.6 (2012): 1081-090. Web. 17 Nov. 2014.
[5] “DHL Parcelcopter Launches Initial Operations for Research Purposes.” DHL. N.p.,
24 Sept. 2014. Web. 17 Nov. 2014.
http://www.dhl.com/en/press/releases/releases_2014/group/dhl_parcelcopter_laun
ches_initial_operations_for_research_purposes.html.
[6] Ulrich, Karl T., and Steven D. Eppinger. Product Design and Development. New
York: McGraw-Hill, 2012. Print.
[7] “This Bill Gates-Backed Super-Thermos Saves Lives With Cold Vaccines.” Co.Exist.
N.p., n.d. Web. 17 Nov. 2014. http://www.fastcoexist.com/1682578/this-billgates-backed-super-thermos-saves-lives-with-cold-vaccines.
[8] “Cool Cube™ 50 (VT-50) - Vaccine Transport Cooler - VeriCor Medical Systems.”
VeriCor Medical Systems. N.p., n.d. Web. 17 Nov. 2014.
http://www.vericormed.com/product/vaccine-cooler-cool-cube-50-vt-50/.
[9] Ibid. See [5].
[10] Ibid. See [3].
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Appendix A – Design Criteria
A.1

Customer Needs Table
This table is an organized visual aid that clearly displays customer needs by

category and importance. These needs provided a basis on which our team could
brainstorm possible payload designs that could later be modified and optimized to fit
more refined customer needs and SkyPort specifications.

Table A.1: Prioritized customer needs with importance indicated by the number of *’s.
Payload complies with WHO regulations
***
Payload maintains allowable temperature for vaccines (2-8 °C)
***
Payload functions in ambient temperatures of up to 40 °C)
Payload is compatible with the SkyPort UAV
***
Payload weighs under 3 kg
***
Payload is fully enclosed within UAV fuselage during flight
**
Payload has a height and width under 90x90mm
Payload can be delivered to rural villages for vaccine administration
***
Payload is insulated to maintain cooling for up to 10 hours
**
Payload stores at least 12 vaccines
*
Payload releases independently (without human interaction) upon arrival

A.2

System Sketch
A set of preliminary SolidWorks sketches containing the components of the

payload are provided below. The dimensions of each component are not fully optimized;
these illustrations are meant to show proof of concept.
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Figure A.1: Concept sketch of the payload system including the inner aluminum chamber, outer insulation,
heat pipe, and TEM.

Figure A.2: Concept sketch of the inner aluminum chamber with holes for the vials, vacutainers and heat
pipe. Holes for the vials are in the upper, semi-transparent portion of the assembly.

A.3

Product Design Specifications
The following table is a list of product design specifications based on parameters

from a similar existing product. The product our team used to base our design off of is the
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Last Mile Vaccine Cooler from the previous Senior Design year. This table was revised
throughout the year based on our research and progress. This table was useful for
brainstorming relevant design parameters and creating benchmarks for our design.

Table A.2: Design specifications, revision 6.

A.4

Concept Scoring and Selection Matrices
Table A.3 consists of design parameters that our team considered. Each parameter

was compared to another to produce a matrix. This matrix provided a basic comparison
rating for each design parameter. From the results of this matrix, our team obtained better
understanding of what to prioritize before devoting time to designing.
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Table A.3: Design parameter scoring matrix.

Table A.4 consists of our team’s preliminary designs, as well as an existing model
to base them on. As with the PDS, this table uses the Last Mile Vaccine Cooler as the
baseline. Each parameter from the previous table was rated from 0 to 5 based on how we
believed they would impact the proposed design. Because our team had no hard data to
justify these numbers, each parameter was set relatively in the middle and did not deviate
to the extremes.

Table A.4: Design concept scoring sheet.

A.5

Calculations
Included are preliminary calculations for the cooling schematic. These

calculations approximate the amount of cooling power required to maintain the internal
temperature of the payload at 2 °C assuming that the external temperature is 40 °C.
1.935 W is required to maintain a 38 °C temperature difference. This 3D heat transfer
analysis is simplified in terms of the external temperature gradient. It also does not factor
in the variable ambient air velocities or radiation.
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Figure A.3: 3D shape factor calculations.
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Appendix B – Project Management
B.1

Budget

Table B.1: Cost to fabricate one prototype.
Quantity

Volume (in3)

Cost per Volume($/in3)

Price Per Piece

Total($)

N/A
N/A
2

238.26
40.25
N/A

0.0023
0.0769
N/A

N/A
N/A
$6.02

$0.54
$3.10
$12.04

Heat Removal
Aluminum
Heat Pipe
Heat Sink
TEM, TG12-6L
Fan
Thermal Interface Material

N/A
1
1
1
1
N/A

17.83
N/A
N/A
N/A
N/A
0.6248

0.7682
N/A
N/A
N/A
N/A
24.21

N/A
$1.00
$6.54
$40.00
$10.00
N/A

$13.70
$1.00
$6.54
$40.00
$10.00
$15.12

Power Supply
NCR18650b

15

N/A

N/A

$9.48

$142.20

Temperature Control
Relay
Buck Converter
Arduino Micro

2
1
1

N/A
N/A
N/A

N/A
N/A
N/A

$1.26
$9.00
$21.00

$2.52
$9.00
$21.00

Components
Insulation/Outer Shell
EPS Foam
Birch Plywood
Latch

Subtotal $276.76
Sales Tax, 8.75%
$24.22
Total $300.98
Sources: www.digikey.com, www.onlinemetals.com, www.mcmaster.com, www.sparkfun.com, www.homedepot.com
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Table B.2: Total budget.
Income
Category
Grant

Category

Insulation/Outer Shell

Heat Removal

Power Supply

Control System

Miscellaneous

B.2

Source
School of Engineering
Roelandts
TOTAL
Expenses
Description
Styrofoam, Glue, Pen, Knife
Hot Wire Foam Cutter
Latches
Screws
Birch Plywood, Glue
BungeeSstrips, Velcro, Wood Screws
Loctite Adhesive
Birch Plywood, Glue
Aluminum Bar
Thermal Interface Material
TEMs
Screws
Heat Sinks, Fans
Precision Resistors, Fans
Thermal Tape
Evercool Fans
Batteries, Chargers, Fan
DC Power Supply, Banana Cables
Fan Screws, Washers, Nuts
Heat Shrink Wrap, XT-60 connectors, 16 AWG Wire
Spring Connectors
Electrical Tape
Solder Tabs
Alligator Cables
Perfboards
Batteries, Chargers
Banana Cables, Arduino Cables
TMP36 Sensors
Arduino Micro
MOSFET Heat sink
Arduino Cables
Buck Converter
MOSFET
Buck, Boost, Big Boost Converter
Relays, Diodes
Relays
Arduino Relay
Dell i5547-5780sLV Notebook
Presentation Board
Double-sided Tape
TOTAL
REMAINING

Sought
$4,192.00
$4,192.00
$8,384.00

Committed
$1,500.00
$1,600.00
$3,100.00

Quantity
1, 1, 1, 1
1
12
32
2, 1, 1
1, 1, 2
1
1, 1
2
1
7
16
2, 2
10, 4
2
2
12, 2, 1
1, 1
8, 8, 8
2, 2, 2
5
2
50
15
6
12, 2
1, 1
6
3
4
120
9
3
3, 3, 3
3, 2
3
1
1
1
2

Spent
$41.21
$140.33
$46.98
$5.40
$36.72
$9.80
$11.42
$18.08
$106.49
$127.57
$315.50
$5.25
$58.38
$259.33
$60.66
$17.00
$154.35
$225.52
$17.40
$28.23
$12.27
$3.64
$9.99
$25.82
$7.29
$151.35
$126.97
$29.41
$67.80
$6.32
$12.99
$74.55
$14.37
$108.03
$19.78
$8.16
$12.78
$650.33
$10.10
$4.35
$3,041.92
$58.08

Gantt Chart
Shown in the following pages are two sections of our Gantt chart. The first Gantt

chart includes the schedule for the Fall and Winter quarters. The second Gantt chart
includes the schedule for the Spring quarter.

54

Figure B.1: Fall and Winter quarter Gantt chart.
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Figure B.2: Spring quarter Gantt chart.
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Appendix C – Design Drawings
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Appendix D – Thermal FEA Simulation Figures

Figure D.1: Mesh diagram of the simplified model with triangle density.

Figure D.2: Trimetric cross-section of thermal plot. Temperature ranges from 0 °C (blue) to 40 °C (red).
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Figure D.3: Front cross-section of thermal plot. Temperature ranges from 0 °C (blue) to 40 °C (red).
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Appendix E – Experimental Results
E.1

Fan and Heat Sink Data

Figure E.1: TEM temperature due to heat dissipation effects using the black 50 mm heat sink.

E.2

Thermoelectric Module Data

Table E.1: Optimal current test results for the Marlow RC12-8-01LS.
Current (A)
1.5
1.75
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.65

Voltage (V)
3.9
4.5
5.0
5.2
5.5
5.7
5.9
6.2
6.4
6.5

Power (W)
5.85
7.88
10.0
10.92
12.1
13.11
14.16
15.5
16.64
17.23

TEM Temp (°C)
2.05
0.28
-2.04
-2.85
-3.33
-3.96
-4.47
-4.90
-5.91
-6.24

Chamber Temp (°C)
2.97
1.38
-0.88
-1.64
-2.05
-2.63
-3.14
-3.49
-4.49
-4.86

Ambient Temp (°C)
22.3
22.3
22.2
22.4
22.4
22.2
22.4
22.2
22.1
21.9

Temp Diff. (°C)
19.33
20.92
23.08
24.04
24.45
24.83
25.54
25.69
26.59
26.76

Table E.2: Optimal Current test results for the Marlow TG12-6L.
Current (A)
1.5
1.75
2.0
2.1
2.2
2.3
2.4
2.5

Voltage (V)
4.9
5.65
6.4
6.8
7.1
7.35
7.7
8.0

Power (W)
7.35
9.89
12.8
14.28
15.62
16.91
18.48
20.0

TEM Temp (°C)
-1.61
-3.89
-5.50
-5.85
-6.21
-6.48
-6.85
-6.90

Chamber Temp (°C)
-0.47
-2.63
-4.10
-4.39
-4.69
-4.89
-5.17
-5.19

109

Ambient Temp (°C)
22.7
22.2
22.1
22.4
22.2
22.2
22.3
22.3

Temp Diff. (°C)
23.17
24.83
26.20
26.79
26.89
27.09
27.47
27.49

Table E.3: Optimal Current test results for the Laird CP,2,31,10.
Current (A)
4.5
5.0
5.5
5.6
5.7
5.8
5.9
6.0

Voltage (V)
1.95
2.15
2.36
2.41
2.48
2.5
2.54
2.59

Power (W)
8.775
10.75
12.98
13.50
14.14
14.5
14.99
15.54

TEM Temp (°C)
-6.82
-8.45
-8.47
-8.51
-8.53
-8.67
-8.62
-8.50

Chamber Temp (°C)
-6.39
-8.01
-8.02
-7.95
-7.97
-8.07
-8.0
-7.8

Ambient Temp (°C)
22.1
22
21.9
22
22.1
21.9
22
22

Temp Diff. (°C)
28.49
30.01
29.92
29.95
30.07
29.97
30
29.8

Table E.4: Optimal Current test results for the Laird CP,2,71,10.
Current (A)
2.5
3.0
3.5
3.7
4.0
4.3
4.4

E.3

Voltage (V)
2.77
3.27
3.74
3.97
4.27
4.56
4.66

Power (W)
6.93
9.81
13.09
14.69
17.08
19.61
20.50

TEM Temp (°C)
0.29
-1.7
-2.57
-5.68
-6.27
-6.54
-6.47

Chamber Temp (°C)
0.05
-1.83
-2.58
-5.76
-6.34
-6.57
-6.49

Ambient Temp (°C)
22.95
22.7
22.6
22
21.34
21.35
21.4

Temp Diff. (°C)
22.9
24.53
25.18
27.76
27.68
27.92
27.89

Battery Configuration Data

Figure E.2: Power discharge comparison for different battery configurations.
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Figure E.3: Temperature monitoring with the payload inside an incubator, using the battery pack.

E.4

Temperature Control Testing Data

Figure E.4: Payload temperature comparisons during the feedforward loop test.
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Appendix F – Patent
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Appendix G – Senior Design Conference PowerPoint Slides
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